Partial 18s rRNA sequences of five chelicemte arthropods plus a crustacean, myriapod, insect, chordate, echinoderm, annelid, and platyhelminth were compared. The sequence data were used to infer phylogeny by using a maximum-parsimony method, an evolutionary-distance method, and the evolutionary-parsimony method. The phylogenetic inferences generated by maximum-parsimony and distance methods support both monophyly of the Arthropoda and monophyly of the Chelicerata within the Arthropoda. These results are congruent with phylogenies based on rigorous cladistic analyses of morphological characters. Results support the inclusion of the Arthropoda within a spiralian or protostome coelomate clade that is the sister group of a deuterostome clade, refuting the hypothesis that the arthropods represent the "primitive" sister group of a protostome coelomate clade. Bootstrap analyses and consideration of all trees within 1% of the length of the most parsimonious tree suggest that relationships between the nonchelicerate arthropods and relationships within the chelicerate clade cannot be reliably inferred with the partial 18s rRNA sequence data. With the evolutionary-parsimony method, support for monophyly of the Arthropoda is found in the majority of the combinations analyzed if the coelomates are used as "outgroups." Monophyly of the Chelicerata is supported in most combinations assessed. Our analyses also indicate that the evolutionaryparsimony method, like distance and parsimony, may be biased by taxa with long branches. We suggest that a previous study's inference of the Arthropoda as paraphyletic may be the result of (a) having too few arthropod taxa available for analysis and (b) including long-branched taxa.
Introduction
Nucleic acid sequences from small-subunit ribosomal RNAs ( 18s rRNAs) have proved useful for phylogenetic analysis in eukaryotes. Because of their ubiquity and evolutionary conservation, these molecules are useful for inferring distant phylogenetic relationships, providing a means of assessing relationships between organisms which lack any informative homologous morphological or developmental traits (Sogin et al. 1977; Woese 1987; Field et al. 1988) .
In 1988, Field and colleagues published a metazoan phylogeny based on comparisons of partial 18s rRNA sequences by using a distance-matrix method of analysis. , inferred from analysis of morphological and developmental features. Branch lengths are not proportional to number of character-state changes. In cladogram A members of the taxa shown in boldface were included in the present study. Synapomorphies of the Arthropoda indicated by black square "a" include a unique chitinous cuticle with protein, transitory coelomic cavities, dorsal blood vessel with paired ostia, pericardial sinus with septum, and a uniquely organized brain (Ax 1984; Weygoldt 1986 ). Synapomorphies of the Chelicerata indicated by black square "b" include, among others, chelicerae, prosoma and opisthosoma (=body divisions), and lack of antennae ( Weygoldt and Paulus 19796; Weygoldt 1986 ; also Shultz 1990) . Synapomorphies for other taxa may be found in the given references. Of the extant groups represented in cladogram B, those shown in boldface were sampled in the present study and are as follows: Xiphosura, Limulus polyphemus; Scorpiones, Urodacus hoplurus; Aranae, Rhechostica chalcodes and Eurypelma californica; and Atari, Amblyomma americanum. The Eurypterida are extinct. Cladogram A is redrawn from Ax ( 1984) and Weygoldt ( 1986 ) ; cladogram B is redrawn from Weygoldt and Paulus ( 19796) .
chelicerates adds diversity to the arthropod data base. In addition, we wanted to determine whether other chelicerates share with L. polyphemus a low number of substitutions in 18s rRNA, relative to other arthropods. The present paper confirms the monophyly of the arthropods and of the chelicerates and provides a partial test of arthropod and chelicerate phylogenies that is independent of morphological and developmental characters. Finally, we compare inferences resulting from analyses of ribosomal sequence data by using a distance method, a maximum-parsimony method, and an invariants method.
Material and Methods Animals
Organisms were chosen to provide a wide sampling of the Chelicerata. In addition, published sequences were utilized. Table 1 lists the animals used for phylogenetic comparisons and gives the source of the sequences. The three new sequences have been submitted to EMBL (see fig. 2 ) . Hendriks et al. 19883 Limulus polyphemus Field et al. 1988 Procambarus leonensis Kim and Abele 1990 Spirobolus marginatus Field et al. 1988 Tenebrio molitor Hendriks et al. 1988a Dugesia tigrina Field et al. 1988 Chaetopterus variopedatus Field et al. 1988 Asterias forbesii Field et al. 1988 Homo sapiens Torczynski et al. 1985 RNA Extraction
The 18s rRNA sequences of the scorpion Urodacus and the spider Rhechostica chalcodes were determined by direct sequencing of total cellular RNA. RNA from U. hoplurus was extracted using guanidine hydrochloride (Cox 1968; Strohman et al. 1977; Paterson and Roberts 198 1) . Tissues (excluding the gut) of freshly killed animals were ground in liquid nitrogen with a mortar and pestle. The powder was homogenized in 10 vol 8.0 M guanidine hydrochloride, 25 mM sodium acetate pH 5.0, 0.1 M 2-mercaptoethanol. The supernatant of a lo-min centrifugation at 10,000 g at 0°C was saved, and 0.5 vol cold ethanol was added. The sample was stored overnight at -20°C. The preparation was then centrifuged at 10,000 g for 10 min at 0°C. The pellet was resuspended with an 18-gauge needle in -5 ~015.7 M guanidine hydrochloride containing 20 mM ethylenediaminetetraacetic acid (EDTA) pH 7-8. To this suspension 0.05 ~012 M potassium acetate pH 5.0 and 0.5 vol ethanol were added next, and the preparation was held at 20°C for 2-6 h. After centrifugation at 10,000 g for 20 min at O'C, the pellet was dissolved in -1 ml 20 mM EDTA pH 8.0 and was extracted, until the interface was clear, with phenol : chloroform: isoamyl alcohol (25 : 24 : 1)) and the RNA was precipitated with ethanol and stored at -20°C.
Rhechostica chalcodes RNA was extracted with guanidine thiocyanate (Chirgwin et al. 1979; Turpen and Griffith 1986) . After being ground as described above, the powder was homogenized in 10 ~014.0 M guanidine isothiocyanate, 25 mM sodium citrate, 0.5% sodium lauryl sarkosinate, 0.1% Sigma anti-foam A. RNA was separated through a cesium chloride gradient by centrifugation ( 14 h at 150,000 g average).
The pellet was resuspended in 20 mM EDTA and was extracted as above with phenol: chloroform: isoamyl alcohol, and the RNA was precipitated with ethanol.
DNA Extraction
As RNA extraction from the tick Amblyomma americanum did not prove feasible, we amplified cloned, and sequenced its 18s rRNA gene. DNA was prepared by a rRNA Phylogeny of Arthropods 673 modification of the protocol of Strauss ( 1987) . Twenty-five whole adult unfed ticks were ground as above. The powder was suspended in digestion buffer ( 100 mM NaCl, 10 mM Tris-HCl pH 8.0,25 mM EDTA pH 8.0,0.5% SDS). Proteinase K was added to a concentration of 0.1 mg/ml. After overnight incubation at 50°C the digested mixture was extracted as above with phenol : chloroform: isoamyl alcohol, followed by extraction twice with chloroform: isoamyl alcohol (24: 1). DNA was recovered by ethanol precipitation.
rDNA Amplification and Cloning
The 18s gene of A. americanum was amplified using PCR (Sakai et al. 1985 (Sakai et al. , 1988 Scharf et al. 1986; Mullis and Faloona 1987) with eukaryotic-specific 18s rDNA primers and a Cetus thermal cycler (2-22 forward, 5'-CCGTCGACGAGCT-CAACCTGGTTGATCCTGCCAGT-3 ', 1864-1842, reverse, 5'-CCCGGGTACCA-AGCTTGATCCWTCTGCAGGTTCACCTAC-3 '; adapted from Medlin et al. 1989 ) . The forward and reverse primers possess, respectively, 14-base and 16-base 5 ' extensions that include restriction sites. The amplified product was extracted twice with phenol : chloroform: isoamyl alcohol as above. The product was electrophoresed on a 1% agarose gel, the desired band was excised, and DNA was recovered by electroelution. DNA was digested with EcoRI and XbaI. Cut fragments were inserted into a Bluescript phagemid vector (Stratagene) which was used to transform Escherichia cofi cells (strain NM 522). The transformed cells were used to produce single-stranded DNA for sequencing as described in the Sequenase protocol booklet (U.S. Biochemical ).
RNA and DNA Sequencing
The RNA was used as a template for dideoxy-terminated sequencing (Sanger et al. 1977 ) using reverse transcriptase, by following the protocols described by Lane et al. ( 1985 Lane et al. ( , 1988 . DNA sequencing was performed with a Sequenase kit (U.S. Biochemical). Sequencing utilized the five universal reverse primers used by Field et al. (1988) , as well as three additional primers (1574 -1557 . Sequencing reactions were electrophoresed on 8% acrylamide, 8 M urea gels for 2 h and 4 h (RNA sequencing) or 2 h and 7 h (DNA sequencing).
Data Analysis
Sequence data were aligned by hand, and the alignment was checked against available secondary-structure models (Hendriks et al. 1988a (Hendriks et al. , 1988b . Highly divergent regions that could not be reliably aligned were excluded from analyses. The data were subjected to three different analysis programs-PAUP 3.0d, the maximum-parsimony program developed by David Swofford (Illinois State Natural History Survey); the distance-matrix program developed by Gary Olsen ( 1988a Olsen ( , 1988b which is based on the method of Fitch and Margoliash ( 1967) ; and James Lake's ( 1987) method of phylogenetic invariants or evolutionary parsimony. The version of Lake's method compiled by D. L. Swofford for the PAUP 3.0d package was utilized. For maximumparsimony analysis, all data were entered unordered, and gaps and "Ns" were treated as missing data. The BRANCH AND BOUND algorithm of PAUP was used in all cases, except for bootstrapping. Because of the excessive amount of computer time (>5 h) estimated for each bootstrap replication with the BRANCH AND BOUND algorithm, the HEURISTIC search was employed using CLOSEST stepwise addition sequence and holding 20 trees at each step. This accelerated the analysis considerably. A comparison between 10 replicates with BRANCH AND BOUND and the same 10 replicates with the described combination of options with the HEURISTIC search revealed identical solutions.
Evolutionary-parsimony analyses were carried out by dividing taxa into four groups. The three possible trees for all quartets composed of a single sequence from each of the four groups were evaluated. The x2 values for combined trees were calculated by following the method given by Lake ( 1987, appendix) . The method is designed to take into account any correlation between taxa. In some cases, negative correlation values [p in Lake's ( 1987, appendix) eq. (N4)] were obtained, and in these cases the estimates of correlation were set to zero before the x2 values were calculated.
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Results
The alignments of the chelicerate and human 18s rRNA sequences are shown in figure 2. The portions chosen represent several relatively well-conserved parts of the 18s rRNA. Sequence was sampled from throughout the molecule to minimize the effects of local areas of rapid change. The total number of nucleotides included in the analysis was -700. There are 147 cladistically informative sites within the sequences analyzed. The numbering is based on the human sequence.
Very few differences exist between the two spider sequences (99% similar), although the sequence of Rhechostica chalcodes was obtained by direct RNA sequencing and that of Eurypelma californica by DNA sequencing of a genomic library. This observation confirms that the data obtained by direct RNA sequencing with reverse transcriptase are accurate and can be analyzed with data obtained by DNA sequencing of chelicerate 18s rRNA genes.
Apart from the different placement of the millipede Spirobolus, distance analysis and maximum parsimony give essentially congruent results (figs. 3 and 4). The tree generated using the distance method is shown in figure 3 . The distance matrix used to generate this tree is provided in table 2. The distance tree indicates that the chelicerates and the other arthropods included in the analysis ( Tenebrio molitor, Spirobolus marginatus, and Procambarus leonensis) form a lineage distinct from the other organisms included in the study. In addition, the distance analysis supports monophyly of the Chelicerata and Mandibulata but not monophyly of the Arachnida or Tracheata.
The exact relationships between members of the Chelicerata are not solidly established with this analysis; in particular, the positions of the tick Amblyomma americanum and of the horseshoe crab Limulus polyphemus within the chelicerate clade is unexpected on the basis of phylogenies inferred from morphological characters. Although all the chelicerates are relatively conservative in the rates at which the sequences of their 18s rRNA molecules are evolving, the 1% rRNA of A. americanurn appears to have accumulated more substitutions than have those of the other chelicer- The shortest tree generated using the maximum-parsimony program PAUP is shown in figure 4 . Dugesia tigrina (Platyhelminthes) was used as the outgroup. The BRANCH AND BOUND algorithm of PAUP finds a single, most parsimonious tree of 576 nucleotide substitutions, with an overall consistency index of 0.688. The parsimony analysis supports monophyly of the arthropods. The myriapod (Spirobolous) is identified as the sister group of a chelicerate clade. This monophyletic group (Myriapoda+Chelicerata) is identified as the sister group of the other arthropods. Monophyly of the Arachnida, of the Mandibulata, and of the Tracheata is not supported. In the next shortest tree Uroducus is placed between the tick (Ambfyomma) and a clade consisting of Limulus plus the two spiders. The topology is otherwise similar to that of the shortest tree. The length of the next most parsimonious tree is 577 nucleotide substitutions. This tree has an overall consistency index of 0.686.
A bootstrap analysis was performed to check the robustness of the most parsimonious solution. The results for maximum parsimony are shown in figure 4A . Monophyly of the Arthropoda and the Chelicerata is supported, although not strongly. Relationships among the Chelicerata, exclusive of the two spiders, are weakly to moderately supported ( fig. 4A) .
In addition to bootstrapping, all trees within 1% (six steps) of the length of the most parsimonious solution were saved, and a 50% majority rule consensus tree was computed in order to further assess the reliability of the phylogeny ( fig. 5 ). Of 97 trees saved, 88 (9 1%) indicate monophyly of the Arthropoda, 49 ( 5 1%) monophyly of the Chelicerata, and 25 (26%) monophyly of the Mandibulata. In only four ( -4%) of 97 trees is the Arachnida monophyletic ( fig. 5) . No tree identifies a monophyletic Tracheata (i.e., Myriapoda+ Insecta). This analysis and the bootstrap analyses suggest that the available sequence data are insufficient to unambiguously infer relationships within either the Arthropoda or the Chelicerata.
Evolutionary parsimony indicates support for arthropod and chelicerate monophyly in most combinations evaluated, depending on the "outgroup taxa" included. Inferences of relationships by evolutionary parsimony are shown in figures 6-8. These results are a subset of all possible combinations. Only the favored topologies are illustrated. The Eurypelmu sequence was omitted from these analyses because it was taxon from each of the four groups was evaluated in turn. For example, for tree A, six combinations (one arthropod X six arthropods X two spiralian coelomates X two deuterostomes) were combined. P values were obtained by first calculating the x2 value for correlated data as described by Lake ( 1987) . A, Favored tree when crustacean Procambarus is compared with all other arthropods. B, Favored tree when crustacean is replaced by chelicerate Rhechosticu. Note that support for arthropod monophyly drops. C, Favored tree when myriapod Spirubolus is compared with all arthropods. Note that the favored tree links the myriapod with the deuterostomes (Homo and Asterins) rather than with the rest of the arthropods. However, support is not significant. The P value for the expected tree (i.e., a monophyletic arthropoda) is 0.22. D, Favored tree when arthropod taxa are randomly divided into two groups.
99% similar to that of Rhechosticu. We have not attempted to construct a multitaxon tree from quartets, as no explicit method has been published.
Significant support (i.e., P 5 0.05) for arthropod monophyly is dependent on the taxa included in the analyses. For example, significant support for monophyly of Procambarus plus all other arthropods is indicated when the annelid Chaetopterus and mollusk Cryptochiton and the two deuterostomes (Homo and Asterias) are included as outgroups and combined as shown in figure 6. Significant support for arthropod monophyly was also indicated when the crustacean was replaced by the insect Tenebrio and the chelicerate Amblyomma. However, support for arthropod monophyly drops when the remaining taxa are used. When Rhechosticu is compared with all other arthropods, support decreases (P = 0.07)) but arthropod monophyly is still favored over the other alternatives. When the millipede Spirobolus is compared with all other arthropods, the millipede is linked with the two deuterostomes rather than with the 680 Turbeville et al. arthropods, although support for this topology is not significant (P = 0.097; fig. 6C ). The P value for the expected tree based on morphological data, linking the millipede with the other arthropods is 0.22. When the arthropod taxa are randomly divided into two groups, results indicate significant support for arthropod monophyly. A test of the effects of a long-branch taxon is shown in figure 7 . In an analysis of quartets including the long-branch taxon Dug&a as an outgroup, in all combinations evaluated the expected tree-i.e., the tree linking the arthropods-is never favored ( fig. 7A-D) . Note that when the flatworm Dugesia is used, the crustacean Procambarus is no longer linked with the arthropods (compare fig. 6A with fig. 7B ). Results of tests of chelicerate monophyly are shown in figure 8. Chelicerate monophyly is favored in all combinations analyzed, although support is not always significant.
In some cases, we detected a problem with the technique for combining trees. For example, significant support was sometimes found for two mutually conflicting trees ( fig. 7C and D) . In another instance, the x2 value indicated significant support for two topologies, even though the number of informative transversion counts (parsimony-like counts minus background counts) for one topology was four times higher than the number of counts for the other significantly supported topology (not shown). NOTE.-NUIII~ETS represent average number of accepted point mutations per sequence position as described by Olsen (1988a, 19886) . Abbreviations are as follows: Ho = Homo; As = Asferias; Ch = Chaetopterus; Cr = Cryptochiton; Sp = Spirobolus; Li = Limulus; Am = Amblyomma; Ur = Vrodacus; Eu = Eurypelma; Rh = Rhechostica; Te = Tenebrio; Pr = Procambarus; Du = Dugesia. monophyly with evolutionary parsimony. Only favored topologies are illustrated. None of the two alternative topologies was supported. Note that the level of significance depends on the taxa compared. A, Test comparing Limulus with all other chelicerates by using nonchelicerate arthropods as "outgroups." B, As in A but substituting Urodacus for Limulus. C, Test using nonarthropods as "outgroups" and comparing Limulus to other chelicerates. D, Favored tree when chelicerate taxa are divided into two groups and nonarthropod "outgroups" are used. Analyses and calculations were carried out as explained in the text and in fig. 6 .
Discussion
Monophyly of the Arthropoda and the Chelicerata is supported by several morphological synapomorphies (fig. 1; Ax 1984; Weygoldt 1986; Shultz 1990) ) and analyses of partial 18s rRNA sequences by both maximum-parsimony and distance methods are congruent with these hypotheses. Inferences generated by the evolutionary-parsimony method are congruent with these hypotheses in most cases.
A recent paper (Lake 1990 ) which reanalyzed published sequences (Field et al. 1988; Abele et al. 1989 ) by the method of evolutionary parsimony suggested that the Arthropoda is paraphyletic. Results of our analyses with evolutionary parsimony, although not exhaustive, reveal support for arthropod monophyly in most cases when the coelomate taxa are included as "outgroups" but suggest that the method is somewhat sensitive to the taxa chosen and thus to the number of taxa available for evaluation ( fig. 6 ). Our analyses also suggest that, as with maximum parsimony and distance analysis, the evolutionary-parsimony method may be "biased" by long-branch taxai.e., taxa which have accumulated a large number of substitutions. This may explain, in part, the uncertain placement of Spirobolus, which is the longest-branched arthropod ( fig. 6C) . Support for arthropod monophyly is never found when the long-branched taxon Dug&a is included as an "outgroup." When Dugesia is included in the analyses, support is indicated for hypotheses that are untenable on the basis of analyses of morphological characters as well as on the basis of parsimony and distance analysis of the sequence data ( fig. 7 ) . This observation of what may be long-branch bias confirms Lake's ( 1990) own supposition that, despite the fact that it is intended to do so, the evolutionary-parsimony method apparently does not sufficiently correct for the effects of homoplasy in all cases. In agreement with Lake's ( 1990) qualifications, our results rRNA Phylogeny of Arthropods 683 suggest that the inference of the Arthropoda as paraphyletic (Lake 1990 ) may be the result of (a) having too few arthropod taxa for analysis in combination with (b) the potential bias introduced by long-branched taxa. It is also important to note that partial 18s rRNA sequences provide relatively few informative transversion positions [parsimony-like term (P) minus background term (B), which equals 0 to 8 per quartet of sequences in our analyses] for evolutionary-parsimony analysis, and it will be important to determine whether inferences obtained with this method will be more robust, as seems likely, when a larger number of informative positions and additional taxa are available for analysis.
Assessment of the relationship within the Arthropoda is difficult by 18s rRNA sequence analysis. It is clear, however, that the Chelicerata is a monophyletic group within the Arthropoda. Neither the distance nor the parsimony analysis places any of the chelicerates within any other group; they are clearly more closely related to each other than they are to any other group. In addition, arthropod and chelicerate monophyly is supported when the long-branched arthropods Drosophila melanogaster (Insecta; Field et al. 1988) and Artemia salina (Crustacea; Nelles et al. 1984 ) are added to the data set (data not shown).
The reason that inference of relationships among the arthropods is not robust may be, in part, because the regions of the molecule sampled in the present study are highly conserved. Although this makes them very useful for comparing distantly related organisms, it limits the ability of the method to discern between more closely related organisms, because the number of sites where the sequences differ is simply not enough to reliably determine close phylogenetic relationships. Even Amblyomma americanum and Limulus polyphemus, the two most distantly related chelicerates, have 18s rRNA sequences which are -90% similar. Better resolution should come by using the rest of the 18s rRNA molecule, thereby potentially doubling the number of informative sites being compared, and by including data from other genes. It is significant to note in this regard that although the specific association of echinoderm and chordate 18s rRNA is only indicated by 54% of the bootstrapping outcomes in maximum-parsimony analysis ( fig. 5A ) and by only 50% of the outcomes in distance analysis, molecular data obtained from the structural analysis of a different gene indicate a close relationship between these phyla ( Delgadillo-Reynoso et al. 1989) .
The unexpected placement of taxa such as the chelicerate Amblyomma and the myriapod Spirobolus may be attributable to their having relatively long branches. The potential increase in homoplasy may obscure both the true position of Amblyomma within the Chelicerata and the position of Spirobolus within the Arthropoda. Neither maximum-parsimony nor distance analysis gives the answer consistent with the morphological and developmental data for these taxa ( fig. 1 ; Weygoldt and Paulus 1979a, 19796; Weygoldt 1986; Shultz 1990) . Given both the possibility that long-branch taxa may be placed artifactually and the limitations of using conservative portions of the molecule (see above), rigorous treatment of conflicts between the 18s rRNA phylogeny and morphological phylogenies should be deferred until additional molecular data are available and more taxa have been sampled.
With an increased number of arthropods studied at the molecular level, there is moderate support for the existence of the Arthropoda as a monophyletic group comprising the Chelicerata, Crustacea, Myriapoda and Insecta. This finding is consistent with cladistic analyses of morphological characters (see Ax 1984; Weygoldt 1986 ). Although the exact relationships between Crustacea, Myriapoda, and Insecta remain uncertain on the basis of the 18s rRNA data, it is clear that the Chelicerata form a distinct clade within the Arthropoda. We are presently unable, with the existing 18s rRNA sequence data set, to reliably infer the relationships within the Chelicerata. Distance and maximum-parsimony analyses provide roughly equivalent trees, differing in the placement of the myriapod within the arthropod clade. Results with evolutionary parsimony indicate support for arthropod and chelicerate monophyly in most combinations analyzed, when the coelomate taxa were used as "outgroups."
Inferences with maximum-parsimony and distance methods support the hypothesis that the Arthropoda belongs within a spiralian coelomate clade that is the sister group of a deuterostome clade. This is consistent, in part, with hypotheses based on morphological characters, further supporting the interpretation that segmentation of annelids and arthropods is homologous (see Weygoldt 1986) . The results concerning the arthropods are not congruent with the analyses of Field et al. ( 1988) , which were unable to reliably infer the relationships of the arthropods. Nor are these results congruent with those of Lake ( 1990) , which suggest that the arthropods arose before the rest of the protostome coelomates.
